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Very recently, the two-dimensional (2D) form of MoSi2N4 has been successfully fabricated [Hong
et al., Sci. 369, 670 (2020)]. Motivated by theses recent experimental results, herein we investigate
the structural, mechanical, thermal, electronic, optical and photocatalytic properties using hybrid
density functional theory (HSE06-DFT). Phonon band dispersion calculations reveal the dynamical
stability of MoSi2N4 monolayer structure. Furthermore, the mechanical study confirms the stability
of MoSi2N4 monolayer. As compared to the corresponding value of graphene, we find the Young’s
modulus decreases by ∼ 30% while the Poisson’s ratio increases by ∼ 30%. In addition, its work
function is very similar to that of phosphorene and MoS2 monolayers. The electronic structure inves-
tigation shows the MoSi2N4 monolayer is an indirect bandgap semiconductor. We have determined
the bandgap using the HSE06 (GGA) is 2.35 (1.79) eV, which is an overestimated (underestimated)
value of the experimental bandgap (1.99 eV). The thermoelectric study shows a good thermoelec-
tric performance of the MoSi2N4 monolayer with a figure of merit slightly larger than unity at high
temperatures. The optical analysis using the RPA method constructed over HSE06 shows that the
first absorption peak of the MoSi2N4 monolayer for in-plane polarization is located in the visible
range of spectrum, i.e. it is a promising candidate for advancing optoelectronic nanodevices. The
photocatalytic study indicates the MoSi2N4 monloayer can be a promising photocatalyst for wa-
ter splitting as well as and CO2 reduction. In summary, the fascinating MoSi2N4 monloayer is a
promising 2D material in many applications due to its unique physical properties.
I. INTRODUCTION
In recent years, 2D compounds are of interest be-
cause of their unique properties, including high sur-
face to volume ratio, high ionicity, low phonon energy,
and so on. The 2D graphene-like materials are the
most significant structures due to their mechanical, ther-
mal, electronic, optical, and thermoelectrical properties.
They can either be nanostructured materials representing
metallic,1 half-metallic,2 semiconducting,3 insulating,4
or superconducting.5 Therefore, they are an intriguing
topic for experimental and theoretical studies due to
their promising candidates for many potential applica-
tions in electronic and optoelectronics,6 thin-film field-
effect transistors,7 catalysis,8 energy storage9 such as Li-
ion batteries10 and supercapacitors.11 The 2D materials
can be synthesized by wet chemistry,12 hydrothermal,13
magnetron sputtering,14 atomic layer deposition15 physi-
cal vapor deposition (PVD),16 and chemical vapor depo-
sition (CVD),17,18 and so on. But they are unstable in
the presence of water and oxygen. Recently, a very high-
quality 2D transition metal nitride and carbide synthe-
sized using CVD with diverse hexagonal, cubic, and or-
thorhombic crystalline structures. Yi-Lun Hong et al.19
synthesized MoSi2N4 using CVD with NH3 gas as the
source of nitrogen, a Cu/Mo bilayer as the substrate, and
elemental Si, in triangular shapes and uniform thickness.
They also employed first-principle density functional the-
ory (DFT) to calculate the electronic properties of the
synthesized MoSi2N4, in which the results depicted a di-
rect bandgap semiconductor with an energy bandgap of
1.744 eV. J. Guo et al.20 reported strong heavy metal ion
absorption on 2D alkalization intercalated Mxene (alk-
Mxene) using DFT. They have exhibited that the occu-
pation of the F atom decreases the ion absorption effi-
ciency of alk-Mxene but it increases dramatically by the
presence of K, Na, and Li atoms and the presence of
hydroxyl group position perpendicular to Ti atoms, de-
picts the strongest tendency for eliminating the heavy
metal ion. N. Shirchinnamjil et al.21 explored 2D Mxene
V2C monolayer potential as an anode for Li-ion batteries
using DFT calculations. They have reported the diffu-
sion mobility and storage capacity dependency of Li ions
which can be strongly absorbed on the defective and non-
defective of the two sides of the 2D V2C structure. J. D.
Gouveia et al.22 reported absorption of six amino acids on
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2the 2D Ti2CO2. They found that most amino acids tend
to adsorb with their N atom, with a very weak bond, and
with a Ti atom, with a strong bond, while other amino
acids prefer to adsorb to the Ti2CO2 surface parallelly
and the van der Waals forces are dominated to all struc-
tures. Finally, it has been depicted that the Ti-N bond
has a very weak character.
In this paper, we present the details of the calcula-
tion methods in section II. We investigate the stability
of MoSi2N4 monolayer by dynamical (section III) and
mechanical methods (section IV). We tackle the elec-
tronic structure using the hybrid exchange correlation
functional (HSE06) in section V. Then we discuss the
thermoelectric properties of MoSi2N4 monolayer by cal-
culating the Seebeck coefficient, electrical conductivity,
thermal conductivity, power factor and figure of merit in
section VI. We study the optical and photocatalytic prop-
erties of MoSi2N4 monolayer in section VII . Finally, in
section VIII, we present a summary of the main results
and the conclusions.
II. METHOD
The plane-wave basis projector augmented wave as im-
plemented in the Vi- enna ab-initio Simulation Pack-
age (VASP).23,24 was employed in the framework of
DFT. The generalized gradient approximation (GGA) in
the Perdew-Burke-Ernzerhof form25,26 and hybrid Heyd-
Scuseria-Ernzerhof functiona (HSE06)27 were used for
the exchange-correlation potential. The kinetic energy
cut-off of of 600 eV, and a Γ-centered 16×16×1 k-mesh
for the unit cell were employed in our calculations. The
tolerance of the total energy were converged to less than
10−5 eV with forces less than 10−3 eV A˚−1. The lat-
tice constants and atomic positions were optimized with-
out any constraint. The vacuum space was ∼20 A˚ along
the z -direction to avoid any fictitious interactions. The
Bader charge analysis28 was utilized to extract the elec-
tronic charge transfers.
The vibrational properties were computed by
the finite-displacement method implemented in the
PHONOPY code.29 The optical spectra were performed
in the random phase approximation30 method con-
structed over HSE06 using a dense k-grid of 20× 20× 1.
The wave function in the interstitial region was ex-
panded in terms of plane waves with a cut-off parameter
of RMT Kmax= 8.5, where RMT and Kmax denote
the smallest atomic sphere radius and the largest k
vector, respectively (see supporting information for more
details). The thermoelectric properties of the MoSi2N4
single layer was calculated by the interpolation of the
band structure supported by the BoltzTraP.31 It is im-
portant to mention that the accuracy of thermoelectric
properties is extremely sensitive to the band structure,
therefore, we used a very dense k-mesh of 26× 26× 1.
III. STRUCTURE AND STABILITY
Top and side views of the crystal structure of MoSi2N4
monolayer are shown in Fig. 1(a). From the top view, the
Figure 1. (Color online) Top and side view of crystal structure
of MoSi2N4 single layer. The primitive unit cell is indicated
by a red hexagonal. Difference charge density is shown in
the inset. (b) Schematic structure parameters and (c) Simu-
lated STM image of MoSi2N4 monolayer. The inset structure
represents repeating the unit cell.
Figure 2. (Color online) (a) Phonon band dispersion and (b)
potential average of MoSi2N4 single layer.
3Table I. The structural and electronic parameters including lattice constant a,b; Si-N (d1,2) and Mo-N (d3) bond lengths;
Si-N-Si (θ1,2) and Si-Mo-Si (θ3,4) angles; the bucking of MoSi2N4 defined by the difference between the largest and smallest
z coordinates of Zn and Sb atoms (∆z); the thickness layer (t); the cohesive energy per atom, (Ecoh); the charge transfer
(∆Q) between atoms; the work function (Φ); the band gap (Eg) of PBE and HSE06 are shown outside and inside parentheses,
respectively; VBM/CBM positions.
a,b d1,2 d3 t θ1,2 θ3,4 Ecoh ∆Q1,2 Φ Eg VBM/CBM
(A˚) (A˚) (A˚) (A˚) (◦) (◦) (eV/atom) (e) (eV) (eV)
MoSi2N4 2.91 1.75,1.74 2.09 7.01 112,106 73,87 38.46 2.99,1.5 5.12 1.79 (2.35) Γ/K
MoSi2N4, Mo, Si, and N atoms are packed in a honey-
comb lattice, forming a 2D crystal with a space group of
P6m1. The side view illustrates that this crystal is com-
posed of covalently bonded atomic layers in the order of
N-Si-N-Mo-N-Si-N along the c-axis with a thickness of
6 A˚. The monolayer can be viewed as a 2H-MoS2-like
MoN2 layer sandwiched in-between two slightly buckled
honeycomb SiN layers. The three layers are stacked on
each other in a way that Mo atoms are located right be-
low the center of Si3N3 hexagons of SiN layers and the
two SiN monolayers are bonded to MoN2 layer via Si-
N bonds. The side view of MoSi2N4 showed that each
single-layer block consisted of one layer of heavy atoms
sandwiched by two layers of light atoms with a distance of
∼6 A˚. The calculated lattice constants are equal to 2.91
A˚, while the bond lengths d1 and d2 (Si-N) are deter-
mined to be 1.75 and 1.74 A˚, respectively. Also the bond
length of Mo-Si (d3) is calculated 2.09 A˚. The two angles
of Si-N-Si in lattice of MoSi2N4 are 112
◦ (θ1) and 106◦
(θ2), while two angles of Si-Mo-Si are 87
◦ (θ3) and 73◦
(θ4), which strongly deviating from 120
◦ and indicating
the out-plane anisotropy of the lattice. The thickness (t)
of MoSi2N4 monolayer is 7.01 A˚. These results are good
agreement with a previous report.19
The difference charge density of MoSi2N4 single layer
is shown in the inset of Fig. 1, where the blue and yel-
low regions represent charge accumulation and depletion,
respectively. The negatively charged N atoms are sur-
rounded by positively charged Si and Mo atoms due to a
charge transfer from Si and Mo atoms to N atom. The
charge analysis shows that each N atom gains about 2.23
and 1.5 e− from the adjacent Si and Mo atom in MoSi2N4
single-layer, respectively.
The cohesive energy Ecoh is then given by
Ecoh =
EMo + 2ESi + 4EN − Etot
ntot
, (1)
where EMo, ESi and EN , Etot represent the energies of
isolated Mo, Si, N atoms and total energy of the mono-
layer, ntot is the total number of unit cells, respectively.
The cohesive energy is found to be -38.46 eV/atom. The
negative energy indicates the stability of structure.
The dynamical stability of MoSi2N4 single-layer is veri-
fied by calculating their phonon band dispersions through
the whole Brillouin zone which is presented in Fig. 2(a).
Phonon branches are free from any imaginary frequen-
cies indicating the dynamical stability of the structure.
The crystal structure of MoSi2N4 single-layer exhibit 3
acoustic and 16 optical phonon branches. Among 16 of
the optical branches, 11 of them are found to be non-
degenerate out-of-plane vibrational modes while the re-
maining 5 are three different doubly-degenerate phonon
modes. The three acoustic branches, the frequency of the
out-of-plane vibrational mode is quadratic in frequency
as the frequencies tend to zero. The gap in the phonon
dispersion separates the degenerate and no-degenerate of
the optical branches even at the high-symmetry points at
the zone-boundary. The almost dispersionless phonon at
∼580 cm−1, 610 cm−1 and 820 cm−1 is called homopo-
lar mode, which is related to the layered structures. The
lattice vibrations corresponding to a change in the layer
thickness. dispersionless phonon can be attributed to
the light layers (SiN) vibrating in counter phase in the
normal direction, while the heavy layers (MoN) remain
stationary.32
Figure 2(b) shows the electrostatic potential for
MoSi2N4 single layer. The potential is flat in the vacuum
region and is symmetric around Mo atoms. The calcu-
lated work function, Φ = Evacuum−EF , is 5.12 eV which
is similar to the corresponding values of phosphorene33
and MoS2
34 monolayers and larger than graphene (4.5
eV).35
IV. MECHANICAL PROPERTIES
The elastic constants of MoSi2N4 in the framework of
harmonic approximation have three independent elastic
constants of C11, C12, and C66. The calculation of elas-
tic parameters was discussed extensively in our previous
work.36 The MoSi2N4 is mechanically stable if it satis-
fies Born criteria37 of C11 > 0, C11-C12 > 0, and C66
> 0, where C11, C12, and C66 are linear elastic con-
stants. According to our calculations C11, C12, and C66
are found to be 533.99, 151.83, 1nd 100.80 N/m, respec-
tively. Obviously these values satisfy the Bron criteria for
the hexagonal lattice, confirming the mechanical stability
of MoSi2N4. We also studied the mechanical properties
of MoSi2N4. The mechanical properties by two indepen-
dent parameters of in-plane stiffness (C) and Poissons
ratio (n). The in-plane stiffness along X and Y direc-
tions are the same where Cx= Cy = C11 - C122/C11.
The stiffness value is 490.82 N/m. Assuming an approx-
4imate effective thickness for the monolayer, its Young’s
modulus is 0.6 TPa, which is almost one-third of the ex-
perimentally obtained value for graphene.38 The material
also possesses same Poisson’s ratio along X and Y direc-
tion and they are calculated using νx = νx = C12/C11.
We find the Poissons ratio is 0.28 which is larger than
that of graphene (0.16).39
V. ELECTRONIC PROPERTIES
Next, we investigate the electronic properties of
MoSi2N4 monolayer. Fig.3 depicts the HSE06 and PBE
electronic band structures, density of states (DOS), and
partial DOS (PDOS) of MoSi2N4 monolayer. We find
MoSi2N4 monolayer has an indirect gap semiconductor
with an HSE06 (PBE) band gap of 2.35 (1.79) eV. The
valence band maximum (VBM) is located at the Γ-point
while that conduction band minimum (CBM) is located
at the K-point. The lowest direct gap occurs at K-point
and it is larger than the indirect gap by 0.17 eV. Both
HSE06 and PBE band gap values and transition k-points
are in a very good agreement with a previous report.19 In
order to gain insight into the nature of VBM and CBM
(see the inset of Fig.3), the VBM is mainly constructed
by dz2 and dx2−y2 Mo states with a minor contribution
of pz Si and N states, representing σ(Mo-Mo) bonding
hybridized with σ(N-Si) bonding (see Fig. S1 of the
supplementary information (SI)). However, the CBM is
solely contributed by dz2 Mo states representing a σ(Mo-
Mo) bonding. The hole (electron) effective masses of the
MoSi2N4 at Γ −→ M (K −→ M) is 1.05 me∗ (0.45 me∗)
Figure 3. Electronic band structure, DOS and PDOS of
MoSi2N4 single-layer within PBE and HSE06 functionals.
Charge densities of the valance band maximum (VBM) and
conduction band minimum (CBM) orbitals are shown in the
inset in band structure. The zero of energy is set to Fermi-
level.
Figure 4. (a) Imaginary and real parts of the dielectric func-
tion as a function of photon energy and (b) optical absorp-
tion spectra as a function of wave length for MoSi2N4 mono-
layer along in-plane polarization, predicted using the RPA +
HSE06 approaches.
while it is 1.16 me
∗ (0.44 me∗). The light electron effec-
tive masses lead to the high carriers mobility in MoSi2N4
single-layer.
VI. OPTICAL PROPERTIES
We now move to discuss the optical responses of this
novel 2D system using the RPA method constructed over
HSE06. Because of the symmetric geometry along the
x- and y- axes the optical spectra are isotropic for light
polarization along the in-plane directions. Figure 4(a)
shows the imaginary and real parts of the dielectric func-
tion of MoSi2N4 monolayer. The first absorption peak of
Im (ε) appears at 2.28 eV which is in the visible range
of light. The static dielectric constant (real part of the
dielectric constant at zero energy) for MoSi2N4 single-
layer is 4.90. In Drude model the plasma frequencies are
defined by the roots of Re (ε) with x = 0 line.41,42 The
first plasma frequency of MoSi2N4 monolayer appears at
4.99 eV which is related to the pi electron plasmon peak.
Figure 4(b) demonstrates the absorption coefficient α of
MoSi2N4 single-layer in-plane polarization. The first ab-
sorption peak appears 540 nm (2.31 eV) which is in vis-
ible range which is a good agreement with the experi-
mental results.19 MoSi2N4 monolayer has the ability to
absorb a wide range of the visible light radiation due to
its suitable bandgap. MoSi2N4 can be lucrative material
in optoelectronic applications.
5Figure 5. (a) Seebeck coefficient, (b) Electrical conductivity, (c) Thermal electronic conductivity, (d) Power factor and (e)
Figure of merit of MoSi2N4 monolayer as a function of chemical potential.
VII. THERMAL PROPERTIES
The thermoelectric potential is an important property
that can be studied through the Seebeck coefficient (ther-
mopower). Materials with large Seebeck coefficient pos-
sess good capability of pushing electrons from the hot
to the cold regions. Thermoelectric properties of the
MoSi2N4 monolayer is calculated using the semiclassi-
cal Boltzmann transport theory in the rigid band ap-
proximation and constant scattering time approximation
framework.40 As a first step, the transport distribution
tensors σαβ() is calculated via interpolation of the elec-
tronic band structure by the following expression:
σαβ() =
e2
N
∑
i,k
τi,kνα(i, k)νβ(i, k)
∂(− i,k)
∂
, (2)
herein, ν(i, k) is the group velocity component with ten-
sor indices α and β, N refers to the k-point number and
τ denotes relaxation time. Then the Seebeck coefficient,
electrical conductivity and electronic thermal conductiv-
ity are deduced from σαβ() as follow:
σαβ(T, µ) =
1
Ω
∫
σαβ()
[
−∂f0(T, , µ)
∂
]
d, (3)
Sαβ(T, µ) =
1
eTΩσαβ(T, µ)
∫
σαβ()(−µ)
[
−∂f0(T, , µ)
∂
]
d,
(4)
κ0αβ(T, µ) =
1
e2TΩ
∫
σαβ()(− µ)2
[
−∂f0(T, , µ)
∂
]
d.
(5)
Figure 5(a) displays the MoSi2N4 monolayer Seebeck
coefficient (S) as a function of chemical potential at dif-
ferent temperatures. One can see that the increasing
temperature decreases the S in the chemical potential
range 0.1 eV to 1 eV with a small shift of peaks towards
the low chemical potential. The S drops rapidly to neg-
ligible values outside the previous the chemical potential
range, suggesting that good thermoelectric properties of
MoSi2N4 monolayer in this chemical potentials range.
Electrical conductivity measures the flow of the charge
carriers in free movement from the hot to cold regions.
6Thermoelectric materials are expected to have small elec-
trical resistance, that is large electrical conductivity to
avoid the energy loss generated by the heating effects.
Figure 5(b) shows the electrical conductivity of MoSi2N4
monolayer. The electrical conductivity is quite small in
the chemical potential range from 0.25 eV to 0.62 eV,
and it slightly increases with increasing the temperature.
Beyond -0.13 eV and 1.13 eV, σ nearly linearly increases
with the chemical potential, in which the temperature
has no significant effect. Within the thermoelectric ma-
terials, the temperature gradient should be maintained,
therefore small thermal conductivity is a desirable fea-
ture.
Figure 5(c) shows the thermal conductivity as a func-
tion of chemical potential using the Wiedemann-Franz
law, κ = σLT , where L and T refer to the Lorenz num-
ber and temperature. The thermal conductivity behav-
ior is similar to the electrical conductivity behavior (Fig.
4(b)).
The temperature change induces a considerable vari-
ation of the electronic thermal conductivity. Specifi-
cally, at a given chemical potential, kel increases as the
temperature increases. For example, at the considered
lower chemical potential limit, kel is 2.48 and 10.97 (10
14
W/msK2), which corresponding to an increase of the or-
der of 342.34%, when raising the temperature from 300
to 1200 K. At the upper limit, the increasing order is of
258.06% (from 5.46 to 19.55 (1014 W/msK2)).
Good capability of producing electricity can be ob-
tained with the high thermoelectric potential and high
electrical conductivity. To measure this property, the
power factor has been proposed, which can be determined
as follows: PF = S2σ. Figure 5(d) illustrates the power
factor of MoSi2N4 single layer as a function of chemical
potential at different temperatures. The heat conversion
into electricity may be favored by the temperature since
the PF increases considerably according to increase tem-
perature. The maximum values of PF are located at 0.12
eV and 0.98 eV. It appears that the power factor is larger
in the negative chemical potential region than the pos-
itive region, and the difference becomes clearer at high
temperatures.
The thermoelectric performance of materials can be stud-
ied using the dimensionless figure of merit, ZT = S
2σT
κ .
As the figure of merit increases the thermoelectric per-
formance increases. Figure 5(e) shows the dependence of
MoSi2N4 monolayer ZT on the chemical potential. In the
chemical potential range from 0.35 eV to 0.5 eV, ZT has
small values (lower than 0.1). Beyond this range ZT in-
creases rapidly to reach the largest values (0.8-1.12) and
it depends on the temperature. In the chemical poten-
tial range from -0.45 eV to 0.5 eV, ZT shifts towards the
low potential and, in the same time, the maximum value
increases as the temperature increases. However, above
the previous chemical potential range, ZT shifts towards
the high potetial and the maximum value decreases as
the temperature increases. It is worth mentioning that
the figure of merit is close to unity, suggesting that the
Figure 6. Band alignments of MoSi2N4 monolayer for pho-
tocatalytic water splitting and carbon dioxide reduction The
band edges are given with respect to the NHE (normal hy-
drogen electrode) potential (in Volts).
MoSi2N4 single layer may be a prospective candidate for
thermoelectric nano-devices.
VIII. PHOTOCATALYTIC PROPERTIES
Most importantly, MoSi2N4 exhibits a suitable band
gap ∼ 2 eV and the band edges CBE and VBE must be
higher (more negative) and lower (more positive) than
the hydrogen reduction potential of H+/H2 and the wa-
ter oxidation potential of H2O/O2, respectively, for water
splitting. For the band edges for CO2 reduction, CBM
must be higher than the CO2 reduction of natural gaes
and the VBM has the same conduction in the water split-
ting process. The CBE is computed from the relation
ECBE = X − 0.5Egap − 4.5 eV,43–45 then the valence
band edge is calculated from EV BE = ECBE + Egap,
where X is the geometric mean of the electro-negativity
of the ingredient atoms46 and 4.5 eV is is the free energy
of the electron (with respect to the vacuum level). Fig-
ure 6 illustrates the alignment of oxidation and reduction
potentials for water splitting and CO2 reductions with re-
spect to the band edges of MoSi2N4 which suggest that it
is potential candidates for photocatalytic water splitting
and CO2 reduction.
7IX. CONCLUSION
In this study, the stability and the physical properties
of MoSi2N4 single layer were investigated by hybrid den-
sity functional theory. The stability was studied by the
dynamical method in terms of phonon dispersion rela-
tion and by mechanical method in terms of elastic con-
stant parameters, Young’s modulus and Poisson’s ratio.
There were no negative values in the phonon dispersion,
the elastic parameters satisfied the criteria of stability,
and Young’s modulus and Poisson’s ratio were compared
to the corresponding graphene values. The thermoelec-
tric properties indicated that large thermopower can be
obtained in the chemical range from 0 to 1 eV, and
this parameter exhibited the opposite chemical potential-
dependence as compared with the electrical conductiv-
ity. The figure of merit values suggested promising ther-
moelectric applicability of the MoSi2N4 monolayer, and
the performance can be enhanced by increasing temper-
ature. The linear photon energy-dependent optical re-
sponse of MoSi2N4 monolayer, investigated in terms of
RPA+HSE06 approach. Our results indicated that the
absorption peaks of along in-plane polarization are lo-
cated in the visible range of light, suggesting its prospect
for applications in optoelectronics and nanoelectronics.
Moreover, MoSi2N4 layer can be a good candidate pho-
tocatalytic for water splitting and CO2 reduction due to
its band edges positions and suitable bandgap.
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